The purpose of this study was to produce a novel pH sensitive hydrogel with superior thermal stability, composed of poly(acrylic acid) (PAA) and cellulose nanocrystal (CNC). CNC was extracted from kenaf fiber through a series of alkali and bleaching treatments followed by acid hydrolysis. PAA was then subjected to chemical cross-linking using the crosslinking agent (N,N-methylenebisacrylamide) 
INTRODUCTION
Hydrogel are cross-linked hydrophilic polymer capable of absorbing large amount of water or aqueous solution without dissolving in response to external stimuli such as changes in pH, temperature, electric field and concentration of added salts (Bardajee et al. 2011; Yuk et al. 1992) . Natural characteristics such as soft, flexible, elastic and wet nature make hydrogel a frontrunner in various fields including biomedical (Censi et al. 2011; Wang et al. 2012; Zuidema et al. 2011) , metal nanoparticles preparation (Sahiner 2013) , contact lenses (Sorbara et al. 2009 ), heavy metal ion removal (Wu & Li 2013) and dye removal (Shirsath et al. 2013) . Although many researches has been focusing on preparing hydrogel from natural occurring polymer, but the versatile properties of synthetic hydrogel had given them a distinctive advantage which in turn broaden their practical utility. There are a few methods used extensively in cross-linking hydrogel network including gamma-ray radiation (Zhou et al. 2012) , photo-crosslinking (Sharifi et al. 2012) , chemical cross-linking (Varga et al. 2010 ) and heating to form physically cross-linked gel (Hellio & Djabourov 2006) . In this study, chemical cross-linking was used due to the simplicity of reaction, does not require special instruments or modification towards monomers and form thermal irreversible hydrogel.
Poly(acrylic acid) is a typical pH responsive super absorbent that is commercially available. PAA is considered as pH sensitive material due to the ionic repulsion between its anionic groups. PAA offer vast potential in biomedical application as it can be prepared at various concentrations, fabricated into different size and shape and other materials can be incorporated into PAA prior to gel formation (Huang et al. 2007; . Acrylic acid monomer can be readily crosslinked or copolymerized with functional monomers such as N-isopropylacrylamide, 2-hydroxylmethacrylate and N,N' methylenebisacrylamide or prepolymer such as poly(vinyl alcohol) and poly(ethylene glycol) (Arunbabu et al. 2012; Wen et al. 2001) . Both swelling capacity and swelling behavior along with thermal and mechanical properties are the main criteria in hydrogel assessment as these properties will affect hydrogel usability in various applications (Janković et al. 2007 )¹7¹7H 2. Although PAA possess lots of attractive properties, its poor thermal and mechanical properties limit the application of the hydrogel produced from PAA to certain extent (Needleman & Smales 1995) .
Over the last decade, researches have been conducted to modify natural fibers as a resource in the production of cellulose nanowhiskers for different applications. Cellulose is the world's most abundant naturally occurring polymer (Liu et al. 2011) . Cellulose nanocrystals are rod shape highly crystalline nanometric particles that can be extracted from cellulose through acid hydrolysis to form a colloidal CNC suspension Henrique et al. 2013; Sheltami et al. 2012) . In particular, this hydrolysis process uses concentrated sulphuric acid to remove the amorphous region of cellulose leaving the crystalline domains intact (Bondeson et al. 2006) . CNC has attracted great attention owing to its prominent characteristics such as high tensile strength and modulus, high aspect ratio, low density and cost, biocompability and biodegradability (Chang et al. 2006; Habibi et al. 2010) . Cha et al. (2012) has reported that the presence of CNC in hydrogel network can result in a more structured hydrogel thus increasing thermal stability of hydrogel.
The main objectives of this study were to first extract CNC from kenaf fiber follow by preparing a poly(acrylic acid) hydrogel reinforced with CNC. The treated fiber and hydrogel obtained were then characterized using FTIR and the effects of CNC loading on the swelling behavior and thermal stability of the hydrogel were studied.
MATERIALS AND METHODS
Raw kenaf bast (Hibiscus cannabinus) fibers were kindly supplied by KFI Sdn.Bhd. Sulfuric acid (98%), sodium hydroxide (99%), sodium chlorite (80%), glacial acetic acid (99.5%) and acrylic acid (99%) were purchased from SYSTERM-chemAR (Malaysia) and Sigma-Aldrich (Germany). Laboratory grade N,N'-methylenebis(acrylamide) (MBA, 99%) and ammonium persulphate (APS, 99%) were both purchased from Sigma-Aldrich and were used as cross-linker and initiator, respectively.
PREPARATION OF CNC
Cellulose nanocrystals (CNCs) from kenaf were prepared by acid hydrolysis of the cellulose obtained as described elsewhere . Briefly, kenaf fibers were firstly grinded and treated with 4% NaOH solution for 3 h at 90°C under constant mechanical stirring and reflux condition. The alkali process was repeated for 3 times. The treated fibers were then undergone bleaching treatment with 1.7 w/v% sodium chlorite at pH4.5 and 100°C for 4 h under reflux condition. The bleaching process was repeated for 4 times. The bleached fibers were then subjected to hydrolysis using concentrated sulphuric acid (65%) to remove hemicelluloses. The reaction was carried out at 45°C under constant stirring for 45 min. The hydrolysis reaction was terminated after 45 min by placing the reaction flask in an ice bath. The suspension was then washed with distilled water and centrifuged at 4500 rpm and 10°C. The centrifugation process is repeated until constant pH was obtained. It is then placed into dialysis tube and dialyzed against distilled water until pH was neutral. The resultant suspension was then freeze-dried to obtain nanocrystal cellulose powder.
PREPARATION OF POLY(ACRYLIC ACID) / CNC HYDROGEL
The hydrogel were prepared by free radical polymerization of AA in CNC suspension using APS as initiator. Typically, an aqueous solution of water (25 mL), AA (4.9 g), CNC (0.1 g) was prepared and the mixture was homogenized to ensure the CNC suspended uniformly. Ten mL of 1.5% MBA solution was added and the mixture was then heated on a hot plate. APS solution (1 mL of 10%) was added when the mixture reached 50°C. The mixture was casted into a pre-heated petri dish at 60°C. The specific compositions of the hydrogel produced were shown in Table 1 . The poly(acrylic acid) / cellulose hydrogel were prepared using the procedures above, except cellulose was used instead of CNC. The as-prepared hydrogel were immersed in distilled water for 24 h in order to remove any unreacted monomer. The dried hydrogel were prepared by drying the immersed hydrogel in an air circulation oven at 70°C for 2 days.
ANALYSIS
Transmission electron microscopy (TEM) was conducted using a Philips CM30 microscope to investigate the morphology and size of CNC. A droplet of diluted suspension was deposited onto a Cu grid covered with a thin carbon film. To enhance the contrast, the nanocrystals were negatively stained with 2 wt. % uranyl acetate (a heavy metal salt) solution in deionized water for 1 min and then dried at room temperature.
Fourier transform infrared spectrum were recorded using a Perkin-Elmer FTIR spectrophotometer. Kenaf fibers before and after treatment along with hydrogel produced were analyzed. The samples were finely ground and mixed with potassium bromide, KBr. The mixture was then compressed into pellet form. FTIR spectral analysis was performed within the wave number range of 400-4000 cm −1 . Thermogravimetric analysis (TGA) was carried out with a TGA/SDTA 851 e Mettler Toledo thermogravimetric analyzer in a nitrogen atmosphere for neat PAA, 2% and 4% of PAA/cellulose and PAA/nanocellulose hydrogel. The samples were heated from 50 to 800°C at 10°C min −1 . The equilibrium swelling percentage of hydrogel were investigated in various buffer solutions ranging from pH3 to 11. The ionic strength was kept constant, 0.1 M. The dried hydrogel were cut into small pieces and immersed in 50 mL buffer solutions of desired pH and allowed to soak at predetermined time intervals. The percentage of swelling can be determined by weight differences method and is expressed in (1).
where is the weight of swollen hydrogel and is the weight of dry gel. Figure  2 (a), the broaden peak of OH stretching at around 3650-3200 cm -1 is observed in all spectrum and the main spectral characteristics of fibers were found within the 900-1750 cm -1 range. The absence of the peak at 1734 cm -1 corresponds to C=O bonds in carboxylic acid and ester components of hemicelluloses due to the removal (Richard et al. 2014) . The peaks at 1507 and 1424 cm -1 in the raw kenaf fiber assigned to C=C stretch of aromatic rings of lignin were observed. The reduction in intensity of those absorbance peaks after alkali treatment and absence after bleaching treatment indicating lignin removal (Alemdar & Sain 2008; Saha et al. 2010; Sawpan et al. 2011) . From the spectrum of CNC and cellulose obtained, it can be concluded that the acid hydrolysis only affect the morphology of the cellulosic material and not their chemical structure (Spagnol et al. 2012) . Similar results were obtained by Johar et al. (2012) and Kargarzadeh et al. (2012) using the same method of CNC extraction.
The acrylic acid spectrum exhibited peaks at 1235, 1695 and 1615 cm -1 assigned to stretching vibration of C=O and C-O of carboxylate group and C=C stretching. From the hydrogel spectrum, the bands at 1409 and 1450 cm -1 are attributed to C-OH bending vibration of PAA. The absence of C=C stretching from hydrogel spectrum indicates the polymerization of acrylic acid into poly(acrylic acid), an indication supported by the finding that irradiation of acrylates with electrons leads to the curing of the polymer by the formation of radicals that initiate the polymerization and crosslinking reaction (Mohd Amin et al. 2012; Rahimi et al. 2012; Scherzer et al. 1997 ).
THERMAL ANALYSIS
Thermal stability studies provide useful information on the selection of materials with the best properties for specific applications. The thermograms obtained are presented in Figure 3 . From the thermogram, the first decomposition of PAA can be attributed to the loss of FIGURE 2(a). FTIR spectrum of raw kenaf fiber, alkali treated kenaf fiber, bleaching treated kenaf fiber and cellulose nanocrystals FIGURE 2(b). FTIR spectrum of pure PAA hydrogel, 2% cellulose/PAA hydrogel and 2% CNC/PAA hydrogel residual water content; the second with a loss in mass from the release of H 2 O, CH 4 and the AA monomer at around 310°C; and the third with a loss in mass between 350 to 480°C due to release of AA moieties consisting of short-chain fragments from main chain scission leaving around 15% residue. Comparing the three thermograms, the hydrogel underwent stages of decomposition similar to PAA. It is clearly showed that incorporation of cellulose and CNC into PAA had enhanced the thermal stability of the hydrogel, as evidence by the fact that the thermal degradation temperature of the hydrogel has shifted to a higher temperature as compared to PAA. This indicates a favorable interaction between the matrix and filler in the hydrogel structure leading to its increased stability. CNC/ PAA hydrogel showed even higher thermal stability as compared to cellulose/PAA hydrogel due to the presence of CNC in hydrogel network which had resulted in a more structured hydrogel (Bayramgil 2008; Bera et al. 2013; Cha et al. 2012; Mohd Amin et al. 2012) .
SWELLING TEST
The swelling behavior of hydrogel was investigated in the pH range of 3 to 11. PAA is a polyelectrolyte because it possess large amount of ionizable group. The pendant acidic group on PAA undergoes ionization just like acids group of monoacids at high pH. From the swelling test result shown in Figure 4 , the swelling ratio of all hydrogel reached an optimum at pH7 and decreased with further increase in pH. The electrostatic repulsion between neighboring fixed charges of PAA drives for swelling. The low swelling ratios observed at pH2 can be assigned to the unfavorable condition for the COOH groups in PAA to ionize, whose pKa is 4.25 (Serpe et al. 2003 ). At pH above 4.25, the swelling ratio increase drastically. When pH is further increased, the carboxylic group of PAA is deprotonated to a negatively charged carboxylate ion, with the resulting electrostatic repulsion caused the hydrogel to swell (Akala et al. 1998; Anirudhan & Rejeena 2012; da Silva & Ganzarolli de Oliveira 2007) . The swelling FIGURE 4. Swelling behavior of hydrogel FIGURE 3. TGA thermogram of pure PAA hydrogel, 2% cellulose/PAA hydrogel and 2% CNC/PAA hydrogel ratio reached an optimum at pH7, further increase in pH caused the swelling ratio to decline sharply. This is due to at pH>8, most of -COO − groups change into -COOH groups due to excess of negatively charged groups in the media, which results in the decrease of repulsion among polymeric chains and consequentially leads to a decrease of liquid absorbency Laftah & Hashim 2013) . The observed swelling trends of the hydrogel composite are fairly the same as PAA hydrogel which obtain maximum swelling at around pH7 and drastically drop at pH11. This shows that the cellulose or CNC did not contribute to the pH responsive property of the hydrogel. Both cellulose and CNC composite hydrogel showed higher swelling ratio as compare to pure PAA hydrogel due to the hydrophilic nature of cellulose and CNC. This shows that introduction of cellulose and CNC into hydrogel network can subsequently increase the water uptake capacity and reduce the time needed for hydrogel to reach equilibrium.
CONCLUSION
In this study, pH responsive PAA/CNC hydrogel was synthesized by cross-linking AA monomer in CNC suspension using MBA as cross-linking agent. The resulting hydrogel showed optimum swelling at pH7 with higher swelling ratio compared to PAA hydrogel. The PAA/CNC hydrogel also showed higher thermal stability compared to PAA/cellulose and PAA hydrogel. This proved that nano size cellulosic material showed great potential as materials for improving swelling and thermal stability of hydrogel. Such PAA/CNC hydrogel with good swelling and smart pH responsive possess wide potential application in cutting edge technology areas.
